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PRESSURE RECOVERY AND MASS-FLOW PERFORMANCE OF FOUR ANNULAR NOSE
INLETS OPERATING IN MACH NUMBER REGION OF 3.1 AND REYNOLDS
NUMBER RANGE OF APPROXIMATELY 0.45x106 TO 2.20x106

By Henry R. Bunczak

SUMMARY

Four annular nose inlets that covered a wide range of supersonic
compression were Investigated to determine the effect of Reynolds
number on their pressure recovery and mass-flow performance. The
studies were conducted over a range of angles of attack with various
geometric modifications to the basic Inlets.

The effect of increasing the Reynolds number wes to improve the
performance of the configurations with internmal contraction and to
reduce the performance of the isentropic inlet with no intermal
contraction; the major change in performence occurred in the Reynolds

number range below 1.20x106.

Two inlets, both of the isentropic type, attained pressure recover-
ies of 0.77, which 1s representatlive of the upper limit attainable with
current inlet designe in this Mach number reglon.

INTRODUCTION

Supersonic nose inlets with multiple oblique shocks generated
by a properly contoured central body were investigated in the Mach
number region of 3.0 as early as 1944 (ref. 1). Since that time,
numerous analytical and experimental studies on the problem of
attaining efficient supersonic compression have been conducted and
a considerable smount of data accumulated. Some of the more recent
investigations are listed in referemnces 2 to 6.

Experience since the earliest investigations Indlcates that as

the Mach number increases the pressure recovery, mass flow, and
stable subcritical flow regulation become increasingly sensitlve to
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alight inlet geometry changes in that they tend to diverge further
below the theoretical expectations based on the assumptlion of non-

viscous flow. The majority of thils discrepancy lis currently attributed

to the higher adverse pressure gradlents encountered with the increase
in compression whilch promotes boundasry-layer growth and separation,
especially the separation encountered in shock boundary-layer inter-
action. It may therefore be expected that the Reynolds number may
have a pronounced effect on the over-all lnlet operation if the state
of the boundary layer were appreclably altered.

Accordingly, in the present study made In the Mach number region
of 3.1, four ennular nose inlets covering a wide variation in the
degree of supersonic compression were investigated first at an inlet

Reynolds number of approxlmetely 0.45%106 over a range of spike tip
positions and angles of attack from zero to 10°, This phase of the
investigation was made to determine the effect of inlet geometry

changes on the performence. The performance of the inlets was then

determined over & range of Reynolds numbers.fram 0.45x106 to 2.20x108
at both zero and 4.9° angles of attack for selected values of splke-
tlp positions.
SYMBOIS

The following symbols are used in thils report:
H stagnation pressure, 1b/sq in.
m  mass flow, slugs/sec
Re Reynolds number based on inlet diameter of cowl
X axisl distance from spike tlp, in.
o angle of attack, deg

6y spike-tip position, angle between axis of symmetry and line
from spike apex to cowl lip, deg

Subscripts:

i projected area of cowl lnlet without centerbody

8 cone surface

lefu BE IS
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0 Pfree stream (fig. 1)
3 diffuser exit (fig. 1)

4 exit of movable plug (fig. 1)

APPARATUS AND TEST FPROCEDURE

The four annular nose inlets investigated, listed in order of
increasing supersonic compression, were (1) a l-cone 44° spike with
internal contraction, (2) a 2-cone 40° to 70° spike with internal
contraction, (3) an isentropic splke with internal contraction,
and (4) an isentropic spike wilth no internal contraction.

For each Inlet, at least one modificatlon of the spike or
cowling was tested. For convenlence, the inlets will be referred
to as I, IT, TIT, and IV, respectively, along wlth the subscripts a,
b, and ¢ to designate the varlous splkes and/or cowlings within each
type. The coordinates of these cowlings and spikes (centerbodies)
are presented in tebles I to IV. The extermal cowl-llp angles were
held to & value not more than 4° or 5° greater than the intermal-lip
angle. Inasmuch as all Inlets were required to dilscharge to a
common dlameter, the cowl dlameters at the 1lip ranged from 3.00 to
3.38 inches to satisfy desired rates of internal cowl curvature.
Unless otherwlse specified, the extermal contours were faired arbi-

trarily to a dilemeter of 4% inches. No attempt was made to malntein

& minimum wall thlekness since external drag was not a part of the
Investigation.

The design of the 1-cone inlet (inlet I) was based on the
information contained in reference 2 for the 4°,7° cowling (4°
internal, 7° external cowl-lip angle) in combination with a 22°
cone half-angle spike having a retio of maximum spike-to-cowl-1llp
diameter of 0.834. TIn reference 2 this configuration gave close to
the maximum pressure recovery of all configurations Investigated at
& Mach number of 3.30, and the data indicated that good performance was
elso attalnable at a Mach number of 3.05. The Internal contraction
was such that only & small reduction in centerbody dlameter would be
required to permit starting at & Mach number of 3.05. Accordingly,
the cowling of inlet I had an internal contour geometrically similar
to the 49,70 cowling of reference 2, and the three centerbodies had
initially 22° half-angle cones.

The geometry of spike Ia between the tip and the maximum diameter
was similar to that In reference 2. Downstream of the maximum diameter
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the contour was modified from that in reference 2 to provide a metching-
area variation with the afterbody, which had an initlal half-angle
taper of 2.84°, This taper gives a diffusion rate approximately that
of a 5° conical divergence. Spike Ib was obtained by decreasing the

diameter of splke I, by 0.068 inch to relieve the internal contraction
and to permlt starting at a Mach number of 3.05. Spilke Ic was designed

wlth a more gradual rate of internal conmpression from that in refer-
ence 2 to reduce pressure gradients In the boundary layer.

Inlet IT had spikes with 20° to 35° half-angle cones. Spike T,

was designed so that the intermal contraction was close to the maximum
permissible for supersonic flow into the inlet when the oblidque shock
wes slightly ahead of the cowl. Spike II, was obtalned by reducing

the maximum dilameter by 0.80 inch to relleve the Internal compression.

Inlet IIT had an Inltlal half-angle cone of 150 followed by an
isentropic compresslion surface which was designed to focus all
compression waves at the cowl 1lip. The Mach number at the surface
was reduced theoretically to 1.76 prior to Internal compression. With
this spilke surface Mach number, 1t was posslble to attaln supersonic
flow Into the Inlet with an attached shock at the cowl llp. For splke
IIIa the maximum amount of Internal compresslon was used. For spike

IIIy the internal contraction was reduced by decreasing the dlameter of
the centerbody 0.082 inch.

Inlet IV also had an initiasl half-angle cone of 15° followed by
an lsentroplc compression surface which focused all compression waves
at the cowl 1lip. The splke surface Mach number was reduced to 1.50.
The internal contour of cowl IVé was deslgned to collect the flow

smoothly at the 1lip and to diffuse 1t gradually wlth no supersonic
internal compression. The extermal contour, as previously mentiloned
in this section, was arbitrary, except that the external lip angle
was 4° grester than the intermal 1lip angle and exceeded the detachment
angle of the free-stream Mach number. For cowl IV,, the external

contour of cowl IVé was remachined to a thinner and more realistic

thickness to reduce the cowl proJjected area in the subsonic flow fleld
behind the detached shock and thus minimize the Interference between
the external and internal flow. However, for both cowls IV, and IV

the initlal 1lip angle was the same.

Two spikes were investigated wlth cowling IV&. The flrat, spike
IVy, had & solid surface, while the second, spike 1V, had a porous
surface which was fabricated from sintered bronze. The porosity
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extended from the tip to the maximum diameter and permitted a continuous
boundary-layer suctlon along the spike surface. Because the technique
of fabricating sintered bronze 1s in the experimental stage, the
contours varled & maximum of 10.015 inch from the theoretical along the
isentroplic compression surface. In addition, the tip section was
elongated approximately 0.1 inch.

A method of influencing the compression-surface boundary layer
was the use of roughness in the form of number 80 or 80 carborundum
grit on several of the spike tips or surfaces to induce in the boundary
layer & tramnsitlion from laminar to turbulent flow.

All inlets were investigated with the same test support body
end diffuser. In figure 1 a scale drawing of the test apparatus is
shown with & l-cone Inlet installed. Figure 2 1s a photograph of the
model suspended in the tunnel. The tubes mounted alongside the
diffuser support body are collectors for the boundary-layer bleedoff
air which passes through the hollow centerbody and support struts.
In the present iInvestigation, these collector tubes were vented to the
free stream as shown. The spacers behind the cowling permitted
variation of the spike-tip projection in increments of 0.025 inch. The
spike-tlp projectlion is presented in terms of the tip position 91.

The value of thls parameter increases as the spike tip 1is retracted
toward the cowl lip. .

The pressure at the diffuser exit was measured with a 40-tube pilot
rake. The pressure recovexles as presented are averages based on an area
wolghting. The mass flow passing through the model wes calculeted by
using the total-pressure recovery at station 3 and the sonic exit area at
the movable plug at station 4 (see fig. 1). This mass-flow measuring
technlque was callbrated with inlets capturing a full-stream tube of air.
The calibration factor thus obtained was incorporated in the calculatioms.

The Investigation was conducted in two tunnels. The 18- by 18-
inch supsersonic wind tunnel operated at a Mach number of 3.05 &t the
diffuser inlet as determined by a wedge calilbration and at a Reynolds
number of 1.70X106 per foot. The stagnation temperature of the air
was held at 1500 F and the dew-point temperature was maintained at
-10° to -30° F. The inlets were investigated over a range of spike-
tlp positions by varying the cowl apacers.

The 1- by l-foot supersonic wind tunnel was operated at a Mach
number of 3.13 over & range of stream Reynolds numbers from 1,70x106

to 8.0x106 per foot. The stagnation temperature varied between 50°
and 65° F and the dew-point temperature was maintained at less than
-40C F. Inlet designs were investigated at one or two values of +the
splke-tip position and at zero and 4.9° angles of attack.
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RESULTS AND DISCUSSION

Inlet performance is presented in terms of the pressure recovery
and captured-mass-flow ratio at flow conditions corresponding to
critical flow, peak pressure recovery, and minimum stable flow. Peak
pressure recovery is defined as the ratio of the meximum stagnation
pressure attained at the diffuser exit divided by the free-stream
stagnation pressure. The captured-mass-flow ratlo mS/mi is the ratio

of the mass flow paseing through the model dlvided by the mass flow
passing through a free-stream tube equal in area to that of the cowl
inlet without a centerbody. The Reynolds number ls based on the
diameter of the cowl lip. Although at a stream Reynolds number of

1.7O><106 the inlet Reynolds number ranged from 0.42x106 to O.48X106,

this slight varlation is neglected and an average value of 0.45x108
is used throughout.

Inlet Performance Over Range of Spike-Tip Poslitlons

The effect on the inlet performance characteristics of varlations
in spilke-tip position is shown in figures 3 to 6 for a free-stream
Mach number of 3.05, zero angle of attack, and a Reynolds number of

approximately'0.45x106.

Attached shocks at the cowl lips were obtalned for inlets I, II,
end IIT unless the flow was overcontracted or the boundary layer
peparated. Shock detachment is noted by the sudden break in the curves
of the captured-mess-flow ratios at high values of spike-tip position.
Steble subcritical operation was obtained only when the inlets were
overcontracted or the internal contraction was nomlnal, in which case
subcritical operation could be entered Into without too severe an
expulsion of the terminal shock wave. '

The performance of spike I, (rapid internal contraction and emooth)
was reduced below that of splke I, (fig. 3(a)) by an oscillating

peparation of the boundary layer that perslsted for all supercritical
values of pressure recovery and captured-mass-flow ratio attainable.
This type of instabllity was not the usual buzz phenomenon encountered
in subcritical operation in that the separation dild not travel to the
splke tip and severe pulsations with flow reversal through the dlffuser
were not evident. It was also obtalned with spilke Ib smooth (data

not shown) and is belleved to be caused by the high-pressure gradient
of the rapid internal contraction. Tip roughness stabllized the
boundary layer for both spikes with & resultant Improvement In perfor-
mence (fig. 3(b)), although the flow for spike I, vas detached. The
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maximum pressure recovery of 0.55 obtained with spike Ia was approxi-

mately 10 percent below that predicted for a Mach number of 3.05 from
the experimental datas of reference 2.

For inlets II and III (with intermal contraction) the peak pressure
recovery did not improve substantlally with increasing splke-tip position
in the region where the cowl 1llp approaches the obllique shock from the
spike tip, although such an improvement would be expected from theo-
retical conslderations based on nonviscous flow because of the Increases
in iIntermal contraction. Thies lack of improvement was most evident
for spikes II, and IIT;, (figs. 4 and 5) where the pressure recovery

remained constant or decreased, although the gains in captured-mass-
flow ratio Indicated that the cowl lip bhad not moved upstream of the
spike-tip shock. However, the effectlveness of intermal contraction
by changling thes centerbody dlameter is indicated by the loss In
pressure recovery when the diameters of splkes IIg and III, were

reduced to II; and IIT}, respectively.

The critlcal captured-mass-flow ratio of cowl IV& was comparable
with that of cowl IV}, for splke-tip positions less than 6, of 25.07°.
The thinner 1ip of cowl IV}, however, permltied a greater mass-flow

ratio to be obtained by increasing the spike-tip position to 25.220.
Also, the peak pressure recovery of approximately 0.77 occurred at

& higher captured-mass~flow ratio, which conformed more closely with
the theoretical expectations. Subcritical stabllity was obtalned
over the entire range of cowl spacers but was appreciable only after
& sharp break in the mass-flow-ratlo curvse.

Both inlets IIT and IV sattained maximum pressure recovserles of
approximately 0.77. Thls recovery ls representative of the upper limilt
attained with current inlet deslgns at a Mach number of 3.10.

Inlet Performance at Angle of Attack with and
wlthout Spike-Tip Roughness

At a Mach number of 3.05 and a Reynolds number of approximately

O.45x106, the performence at angle of attack 1s shown in Ffigures 7
to 10 for selected values of splke-tlp posltion which gave close to

the best performance at zero angle of attack. As the angle of attack
wasg lncreased from zero to approximately 10°, all conflgurations
eventually suffered losses in performence., These losses are bslleved
to arise fram (1) a reduction in supersonic compression on the lee
glde of the inlet as a result of the asymmetrical alinement of the
spike to the free-stream flow, (2) boundary-layer cross flow and
accumulation in the lee silde of the spike which may modify the shock
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pattern adversely and aggravate separation, and (3) flow angularities
at the inlet throat.

For inlets I and II the marked chenges in performance (figs. 7
and 8) which were obtalned with the addition of tip roughnese could
be agsoclated with the observed alterations of the boundary-layer
flows and shock patterms. For inlets ITI (fig. 9) and IV (dats not
shown) tip roughness altered the observed boundary-layer flow only
8lightly, and the performance was relatively unaffected.

Specifically, the rapid deterioration of performance for inlet I
with a smooth tip (fig. 7) at angles of attack above 6° was associated
with what appeared to be & rapid accumulation of boundary layer on
the lee surface of the sgike whlch eventually covered one entire side
of the Inlet. Below a 6 angle of attack this boundary-layer accu-
mulation was gradual, and relatively constant inlet performence was
attained. Tip or cone-surface roughness generated a boundary layer
that was presumably turbulent since it resisted crossflow, as
evidenced by an apparent uniformity in thickness about the spike
surface at angle of attack, and also dld not exhibit the extensive
thickening ahead of the cowl at zero angle of attack. Although a
reduction In internal contraction by reducing the apike-tip position
wvas required to malntain attached shocks at the cowl 1lip, & maximum
pressure recovery of 0.58 was obtained at zero angle of attack, and

both peak pressure recovery and captured mass-flow ratio were apprecisbly

improved ebove a 7.5° angle of attack. Below a 7.5° angle of attack
the pressure recovery was increased at the expense of a reduction in
mass flow.

Inlets with Intermal contraction experienced & large reduction in
performance csused by an abrupt separation of the flow from the entire
lee surface of the spikes at the higher angles of attack. (This type
was also encountered in ref. 7.) The tendency of the boundary layer
to separate was alleviated by adding roughness to the tip for spike
Ia and by a reduction in spike-tlp position BZ for spikes II and IITI.

The effect of splke-tip roughness on the peak pressure recovery
off splkes IIa and IT,, was unpredictable. However, its effect on the

captured -mess-flow ratio in the vicinity of zero angle of attack
could be correlated qualitatively with its influence on the shock
pattern for various spike-tip positions through the following
considerations. Splkes IIa and II.b wlth a smooth tip had boundary

layers which separated and reattached (bridged) across the 15° dis-
continuity (20° to 35°) iIn the splke surface. This type of bridging,
which has been experlenced In many previous investigations, is
generally assoclated with a laminar boundary layer. It generates a
weak obllgue shock eminating from the separation point and trensposes
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the stronger ehock eminating from the spike dlscontlnuliy rearward

to the reattachment point. Tip roughness eliminated the boundary-
layer bridging so that only a single strong oblique shock, that

from splke dlscontinuity, accomplishes the required 15° flow turning
where formerly two shocks existed. Because the obllque shocks deflect
the flow outward from the splke axis and the amount of flow deflection
is a function of shock strength, both the shock intensity and the
number and poslitlon of the shocks sahead of the cowl lip determine the
flow spillage. At 6y of 28.61° (spike IT,, smooth (fig. 8(a)), the

splke-tip shock and the weak boundary-layer-separation shock were
ahead of the cowl llip and the reattachment shock fell inaside. With
tip roughness both the tlp shock and the stronger discontinuity shock
fell ahead of the cowl lip and the flow splllage was increased. With
a retraction of the spike to 6; of 29.23° (splke II,, smooth (fig.

8(b)), the tip and separation shocks were stlll ahead of the inlet
with no tip roughness. The discontinuity shock obtained with tip
roughness fell at the cowl lip, however, resulting in a net gain in
the captured-maess-flow ratlo. At 6; of 29.65, all shocks fell at

or inside the cowl 1lip for both the smooth and rough tip so that

. the captured mass flow remained unchanged (within the precision of

measurement) for at least a zero angle of attack.

As previously indicated in this section, the performance of
inlets ITIT and IV was relatively unaffected by tip roughness (fig. 9,
spike IITy) with the exceptlon that the peak pressure recovery was
reduced slightly for spikes IIT, and IVgh (data not shown) at zero angle
of attack. For inlet IV (fig. 10) the performance was affected primarily
by the change In the wall thickness of the cowl. Although the pressure
recovery remalned essentiaslly the same, the criltical captured-mass-
flow ratlo for cowl IV, was substantially greater that that of cowl IV,

over the range of angles of attack.

Effect of Stream Reynolds Numbers on Inlet Performance

In order to determine the effect of stream Reynolds number on
inlet performance, selected Inlets were investlgated over a Reynolds
number range from approximately 0.45%106 to 2.20x10% at a Mach
number of 3.13 for zero angle of attack. The data at a 4.9° angle
of attack are slso presented as & matter of Interest. For some
configurations, splke-tip roughness was also used.

At zero angle of attack the general effect of increasing the
Reynolds number was to improve the performance of inlets I, IT, and
ITT and to reduce the performance of inlet IV, with the major changes

occurring in the Reynolds number rangse below approximately 1.20%105
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(fige. .11 to 16). In this rangse, Increasing the Reynolds number
altered the apparent boundary-layer thlckness, the tendency to bridge,
and the resulting shock pattern.

For the l-cone inlet (fig. 11(a)) the performance was independent
of Reynolds numbsr effects as long as the boundary layer along the splke
surface appeared turbulent. This turbulence was attained either by
increasing the Reynolds number or by the addition of tip roughness.

For spike Ia with tip roughness, the performence remained constant

over the entire range of Reynolds numbers investigated. For spike Ic'

smooth, peak recovery increased progressively in the Reynoclds number
renge of 0.45x106 to 1.20x10%. For epike I, smooth, sn abrupt tran-

sltion from & separated oscillating_boundary layer to a steady tur-

bulent boundery layer occurred at & Reynolds numhbsr of 1.20x108. This
stabllizing influence of turbulence on the boundary layer was the same
phenomenon a8 that which occurred at a Mach number of 3.05. Howsver,
at the higher Mach number of 3.13 the shocks at the cowl lip were
attached for spilke I,, and a captured-mase-flow ratio of approximately
1.0 was attained.

For the 2-cons inlet, the performance improved with increasing
Reynolds number, but the peak pressure recovery was reduced by tip
roughness over the entlre range of Reynolds numbers investigated
(fig. 12). This adverse effect of tip roughness is in contrast with
that obtained with the l-cone inlet and cannot be explained on the
basis of observed boundary-layer turbulence and oblique-shock pattern
alone. In the case of spilke IIa smooth, the three-oblique-shock

pattern formed by a lamlnar houndary-layer bridge which occurs at the

Reynolds number of 0.45><lO6 should be more isentroplc than the two-
oblique-shock pattern formed when the boundary-layer turbulence was

Increased by ralsing the Reynolds number to 2.14x106. In addition,
the redudtlon in pressure recovery which occurred when turbulence

was obtalned by tlp roughness is inconsistent with the Reynolds number
effect if only changes in shock pattern are considered. These results
indicate that & more comprehensive knowledge of the boundary-layer
flow 18 required to explain the effect of turbulence on the pressure
recovery and that the slight changes in cblique-shock structure are -
of secondary importance. This contention is further substantiated

by the data for inlets III (fig. 13) and IV (fig. 14). For inlet IIT
a reduction in pressure recovery wlth the addition of tip roughness
was obtalned, and for Inlet IV a reduction in predsure recovery with
Increasing Reynolds number was obtalned, although in both cases the
corresponding supersonic-flow fields appesared to be more lsentroplec.

2926 |
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The variastion in critical captured-mass-flow ratio for inlet IV
with spilke-tip positions of 24.76° and 24.910 and the improve-
ment In subcritical stablllty as the Reynolds number was raised are
presented in figure 14. At the Reynolds number of 0.45x108, the change
in Inlet performance as the splke-tip position was increased from
24,760 to 24.91° was similar to that occurring at & Mach number of
3.05. For both tip positions and Mach numbers, the subcritical
stabllity of approximately 1 percent of the critical flow was nominal.

At a Reynolds number of approximately l.lxlO6 or above, the critical
captured-mass-flow ratioc for 8, of 24.760 equaled that obtained

with 63 of 24.91°. TIn addition, the subcritical stability for 6

of 24.91° was substantially improved to approximately 8 percent of
the flow by increasing the Reynolds number; the stability for 9Z of

24.76° also showed improvement. These results indicate that the
selection of the optimum tip posltion from data at a low Reynolde
number maey be erroneous for a similar conflguration to be operated

at a higher Reynolds number. To determine the reasons for a reductlion
in supercritlcal captured-mass-flow ratio with Increasing Reynolds
number would requlre a more comprehensive investligation of the boundary
layer and flow fleld; however, thls trend does imply an Increasing
upstream displacement of the extermal detached cowl-llp shock with
increasing Reynolds number.

1

The effect of splke-tip roughness (fig. 15(a)) and continuous
boundary-layer suction (fig. 15(b)) on the inlet performance was to
suppresg the reduction iIn performance wlth Increaslng Reynolds number
experlenced with spike IV; smooth. Although both methods of altering

the boundary-layer flow were detrimental to the inlet performance at
a Reynolds number of O.45x106, they became Increassingly beneficial
at Reynolds numbers above 0.80x108. Tn either case, the trends are

such that at the Reynolds number of 0.45x10% neither method approximated
the effect of high Reynolds number on the performance of splke IVé
smooth.

The subcritical stabllity of spike IVa with tip roughness and IV%
also improved wilth lncreasing Reynolds number. However, the stablllty
obtained with elther configuration was less then that obtained for
spike IVé smooth In the Reynolds number range above approximately
0.80x106. The better stability of spilke IVé emooth 1s opposed by the
better pressure recovery of spike IV£ and splke IVA with tip roughness,

which indicates that In thls Instence the deslrable boundary-layer flow
conditions for the two were not related.
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The relatlive amount of boundary-layer removael should not be
determined from a comparison of the critical mass flows of spike IV‘b

with that of splke IVé smooth. The porous surface of splke Ivt was
rough and generated dlsturbances simllar to those of spilke IVA with

tip roughness. Therefore, & more. reasonable estimate of the boundary-
layer removal would be a comparlison of the curve of critical captured-
nmesg-flow ratlo for splke IVE with that of IVA with tilp rouglmess. -

If this is done, the amount of boundary-layer removal at a Reynolds

number of 0.45x10° is approximately 0.5 percent of the flow entering
the Inlet and incresases to approximetely 2.5 pdrcent at a Reynolds

number of 1.10x10°.

At a Reynolds number of 0.45x105, a caomparison of the peak
pressure recoveries cbtained at a Mach number of 3.05 with those at
a Mach nuuber of 3.13 disclosed a reduction in performance, only
& part of which can be atiributed to the increase in Mach number.
The magnitude of the reductlon ranged from approximately 8 percent
for the l-cone inlet toc 11 percent for the isentropic Inlet with
no Iintermal contraction. In this connectlon, Irecent unpublished
data indlcate that the turbulence level of the stream flow may be
8 factor producing this result. At the time of the investigation,
prelliminary surveys indicated that the turbulence level of the Mach
3.13 tunnel was conslderably higher than that of the Mach 3.05 tunnel
and 1t varied with stream Reynolds number per foot. The effect of
the turbulence level on the results of the present study is unknown.

Spike Surface Statlc-Pressure Distributions

The statlc-pressure distrlbutlons teken axially along the
isentropic gpike surfaces gave an Indlcatlon that the variation in
diffuser peak pressure recovery with splke-tlp poslition and Reynolds
number was a result of Intermal boundary-layer separation or shock
boundary-layer interaction and not & result involving a change in
the oblique-shock pattern upstream of the inlet lip or of termlnal
shock stablillity.

In figures 16 to 19 the data show that the statlc-pressure
digtributlions upstream of the cowl 1lip for both inlets IIT and IV
were not influenced to a large extent by either a change of intermal
compresslion or & varlation of inlet geometry, and only to a small
extent by a chenge in Reynolds number except at a statlon located
in the vicinity of the detached wave from the cowl 1lip for inlet IV.
At the end of the isentroplc curvatures, the measured static-pressure
ratios of 6.8 at x = 3.0 inches for inlet ITI (fig. 16) and 10.4 at

2926



9262

NACA RM E54407 N RREINITD 15

X = 3.45 for inlet IV (flg. 18) are in good agreement with the
theoretlcal values of 6.9 and 10.6, respectively, for a Mach number
of 3.05. These data Indlcate that the varilations In peak diffuser
pressure recovery orilginated from causes that occur downstream of
these points on the spike.

For inlet ITT (flgs. 16(b) and 17) the large rise in static pressure
that origlnated at or downstream of the cowl 1lip 1ls of the same order
of magnitude as would be expected downstream of the termlnel shocks
(measured; py/py = 23; theoretical; pg/py ~ 26.0) The majority of this

gtatlc-pressure rise was accomplished forward of the geometrlc throat
and Indicates not only that the boundary leyer has modlfled the flow
area of the inlet geometry but that the requlrement of shock stebility
at the minimum area for optimum pressure recovery was satlsfied and
therefore was not a Pfactor causing the variatlon in pressure recovery
with cowl spacers or Reynolds number. Shock stablillty may also be ruled
out as & factor influencing pressure recovery Iin the case of inlet

IV, In which the diffuser pressure recovery decreased with Reynolds
number although the subcritical shock stabllity was lmproved (see

fig. 14(a)). Instead of depending on shock stability, for both inlets
ITI (fig. 17) end IV (fig. 19) the varlation of pressure recovery

with Reynolds number seemed to be assoclated with a bresk In that
portion of the static-pressure-distributlion curve attributed to the
terminal shocks. This loss is located In the vicinity of the spike
shoulder and implles a boundary-leysr separation. In this connectlon,
the curvature of the spike shoulder and/or the location of the terminal
shocks relative to the splke shoulder may be of importance, as
indlicated in reference 8.

Inlet Schlieren Photographs

Schlieren photographs showlng the various spike houndary layers
and shock patterns for inlets I, IT, III, and IV are presented in

figures 20 to 24. At a Reynolds number of 0.45x106, & Mach number of
3.05, zero angle of attack, and with no cowl, the boundary layer along
the surface of spike I, appeared to be thin (fig. 20(a)). Imstallation

of the cowling produced what appeared to be a notlceable thickening

of a laminar boundary layer ahead of the cowl 1lip (fig. 20(b)). This
thickening of the boundary layer persisted at all values of the pressure
recovery and was therefore belleved to be a result of the adverse pres-
sure gradient ceused by the internal contraction.

The separated osclllating boundary layer of splke Ia smooth is

shown in figure 20(c). The photograph taken at l/lOO gsecond is
blurred because of the rapid movements of the flow structure. The
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nature of the boundary-layer instability mey be seen in figure 20(d), a
schlieren photgraph teken at a 2-mlcrosecond exposure. The instability
appears tc be an asymetrlcal separation of the boundery layer which
at the instant of exposure occurred at the top surface of the epike.
With tip roughness, the boundary layer for spike Ic appeared turbulent

(f1ig. 20(e)) and that of spike I, was stabilized. An increase in
Reynolds number to or above 1.20%108 produced similar results for spike
I, smooth (see fig. 20(f) at a Reynolds number of 1.26x106).

The marked difference in spike boundary layer at angles of attack
between splke Ic smooth and spike Ic with tip roughness may be seen

in the schlleren photographs of figure 21. For spike Ic smooth the

boundary layer gradually shlfted to the lee slde at small angles of
attack (fig. 21(a)). As the angle of attack was increased, the boundary
layer on the lee slde of the splke increased in thickness (fig. 21(b))
end separated (fig. 21(c)) until at an angle of attack of 10° it filled
one side of the inlet (Pig. 21(d)).

With tip roughness, spike Ic meintained what appeared to be a

relatively uniform boundary-layer distribution up to an angle of attack ;_

of 8.3° (fig. 21(e)). However, at an angle of attack of 10.3° (fig.
21(f)), an abrupt separation from the spike surface occurred on the
lee alde of the splke.

Schlleren photographs of the Z2-cone Inlet are presented in

figure 22. At a Reynolds number of O.ésxlos_the additional oblique
shock generated by the boundary-layer brldge can be seen upstream of
the spike break (fig. 22(a)). The amount of bridging decreased with

Reynolds number untll at a value of 2.13x10% 1t became negliglble

(fig. 22(b)). The effect of angle of attack and tip roughness on

the boundary layer mey be seen in figures 22(c) and (d). As the

angle of attack was Increased, the boundary-layer bridge across the
splke break was reduced on the windward side and increased on the lee
slde (fig. 22(c)). The addition of tip roughness effectively prevented
boundary-layer seperation as seen in figure 22(d). These results are
‘simlilar to those obtained in reference 7 at a Mach number of 3.85.

At zero angle of attack, a Mach number of 3.05, and a Reynolds

number of O.45x106, Inlet ITI had an oblique shock generated by what
appeared to be a laminer boundary-layer separation in Ffigure 23(a).
Another shock then occurred at the point of reattachment. For the
same conflguration with tip roughness, the boundary layer appeared
attached along the complete external length of the spike and the flow
pattern appeared mare isentropic (fig. 23(b)).

P, S
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Schlieren photographs of cowls IV, and IV} at a Mach number of
3.05 are presented 1n figures 24(a) and (b} for supercritical diffuser
operation. Besldes the boundary-layer brldglng which occurred on the
splke surface with both cowls, it will be notlced that the detached
wave ghead of cowl IVé 1s stronger and displaced further upstresm of

the cowl 1lip than that ahead of cowl IVB.

SUMMARY OF RESULTS

Four annular nose inlets were investlgated at a Mach number of

3.05, & Reynolds number of approximately O.45x106, and a range of angle
of attack from zero to 100, and at a Mach number of 3.13, a range of

Reynolds numbers from approximately 0.45x10° to 2.20x10%, and at
angles of attack of zero and 4.9°. In order of Increasing supersonic
compression, & l-cone 44° spike, & 2-cone 40° to 70° spike, and an
igentropic spike inlet (all having internal comtraction) were designed
end operated with attached shocks at the cowl lips. An isentropilc
inlet with no internal contractlion and operating with detached shocks
at the cowl llps had the hlghest supersonlic compresslon.

In addition to contrlbuting to the general knowledge of the
performance attainaeble for & succession of Inlets that cover a wide
range of compression, the following results were obtalned:

1. The peak pressure recovery and relatlve mass flow were most

affected by changes in Reynolds number in the range below 1.20x106.
The inlets with internal contraction exhibited an improvement in
performance with Reynolds number, and the isentroplc Inlet with no
internal contraction exhiblited a reductlon in performancs.

2. As deduced from flow observations, the vislble effect of an
Increase 1in Reynolds number and/or roughness on the tip of the
centerbody was to induce an early transition from lamlnar to turbulent
flow in the boundery layer. For the l-cone inlet wlth a gradual
internal contraction, this sarly transition eliminated what appeared
to be a rapld thickening in the viclnlty of the cowl 1llp of a
presumably laminsr boundary laysr. For the l-cone Inlet with rapld
Internal contraction, the early transition attached and stabllized
an otherwlse separated oscillating boundary laysr. In both cases
the performance was markedly improved. For the 2-cone and isentropic
inlets the early transition reduced or eliminated boundary-layer
bridging, but the change In external shock structure was found to
be of secondary Importance In influencing the peak diffuser pressure
recovery. Except for the l-cone Inlet, tip roughness could not be
used at a low Reynolds number to simulate inlet operation at a
higher Reynolds number.

) LAY Nou. e
L Y U, S 2
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3. The subcritical stabllity of inlets with iInternal contraction
was negligible unless the cowl was positloned so that the internal
contractlon either generated detached shocks at the cowl 1lip for
supercritical values of mess flow or unless the internal contraction
was nominal. For the inlet with no lntermal contractlon, a change In

Reynolds number from 0.45x106 to l.llx106 increased the mess-flow
subcritical stablility range from 1 to 8 percent. For the same inlet,
elther tilp roughness or continuous boundary-layer suctlon along the
centerbody surface forward of the maximum dlameter improved the

subcritical gtability at Reynolds numbers below 0.80x10% but reduced
it at the higher Réynolds numbers.

4. Two Inlets, both of the lsentroplc type, attalned peak
pregsure recoveries of 0.77. This peak pressure recovery is
representative of the., upper limit attainable with current inlet
deslgns In the Mach number region of 3.10.

Lewle Flight Propulsion ILaboratory
National Advisory Commlittee, K for Aeronautics
Cleveland, Ohlo, January 14, 1954
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TABLE I. - 440 SPIKE INLET, I

NACA RM ES4A07

9262

Splke I_ | Spike I, | Spike I, Cowl
Coordinates, in.
X ¥ v y x (internal) | y (internal)
0 0 0 0 1.690
.50 .200 .200 .201 .25 1.706
.00 .402 .402 .401 .50 1.723
.50 .603 .603 .602 . 75 1.743
.00 .806 .808 .802 1.00 1.761
.50 | 1.010 1.010 1.003 1.25 1.779
.00 | 1l.212 1.207 1.202 1.80 1.793
.50 | 1.354 1.333 1.325 1.75 1.803
.00 -- ~- 1.387 _2.00 1.804
.05 | 1.408 1.372 -- 5.687 1.807
50 | -~ -- 1.416 -- --
.00 -~ -- 1.420 -- --
Cowl! Splke | Spike tip Internal
position, | contractlon
6,, deg

I I, 31.0 1.305

I Ib 31.4 1.250

I Ic 31.4 1.273
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TABLE II. - 40° To 70° SPIKE INLET, II

Spilke IIa Splke I.T_b Cowl
Coordinates, iIn.

x ¥y y X (internal)|{ y (intermal)
0 0 o) 0 1.8600

.5 .183 .183 .200 1.669
1.00 .363 .363 .400 1.723
1,50 .545 .545 .600 1.760
2.00 .728 .728 .800 1.784
2.50 .956 . 956 1.000 1.797
3.00 1.275 l1.264 1.100 1.800
3.50 1.469 1.448 5.600 1.800
4.00 1.541 1.514 -~ --
4.40 1.550 1.520 -- --

Cowl(Spike|Spike tip Internal
positlon, |contraction

91, deg )
IT IIa 28.9 1.160
IT | IT 29.3 1.142
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TABLE III. - ISENTROPIC SPIKE INLET WITH INTERNAL CONTRACTION, III
Spike IIIa Spike III.b Cowl
Coordinates, in.
x y y x (internal)| y (internal)
0 0 o 0] 1.500
.50 .136 .136 .169 1.573

1.00 .270 .270 .299 1.622
1.50 .405 .405 .499° 1.687
2.00 .559 .559 .698 1.735
2.50 .752 . 152 .899 1.771
3.00 1.037 1.023 1.099° 1.792
3.50 1.370 1.352 1.299 1.800
4.00 1,554 1.523 5.205 1.800
4.50 1.613 1.573 -- -
4.60 1.615 1.574 -- -

Cowl | Spike | Spike tip Internal

positlon, jcontraction
8,, deg
IIT | IiT, 25.0 1.150
IIT | II%, 25.0 1.050

4
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TABLE IV. - ISENTROPIC SPIKE INLET WITH NO INTERNAL CONTRACTION, IV

Spike vy Spike IV, Cowls IVa Cowl IVa Cowl IVb
(porous) and IVy
Coordlnates, in.
x y v x |y (internal) | y (external) |y (external)
o 0 0 C 1.650 1.850 1.650
.50 .132 .120 .08 1.696 1.722 1.713

1.00 .265 .237 .18 1.732 1.811 1l.762
1.50 .399 .358 .28 1.756 1.893 1.797
2.00 .544 . 504 .38 1.772 1.948 1.821
2.50 .716 .664 .58 1.791 1.997 1.850
3.00 941 .877 .78 1.798 2.000 1.861
3.50 1.298 1.182 1.00 1.800 -- 1.862
3.75 1.491 1.418 5.63 1.800 -- --
4.00 1.535 1.534 -- -~ -- --
4,50 1.547 1.547 -- -- -- --

Cowl | Spike | Spike tip Internal

position, {contraction
8,, deg

IVé IV; 24.80 None

vy vy, 24.20 None

IV'-b I'Va 25.10 None
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Figure 1. - Scale drawing of model arrengement with l-come inlet installed.
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Flgure 2.
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= FPhotograph of model mownted 1n tunel.

Inlet with cone-surface roughneps.
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Inlet operating condition

C Maximum pressure recovery
O Criticel mass-flow ratio
< Minimum stsble mpass-flow ratio
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Figure 3. - Comparison of three 44° l-cone inleta. Free-stresm Mach number, 3.05; Reynnlds number
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Diffuser total-pressure recovery, Hz/H
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Inlet operating condition
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Figure 4. - Comparison of two 40° to 70° 2-cone inlets.
Mach number, 3.05; Reynolds number, epproximately 0.45x105; z2ero

engle of attack.
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traction. Free-stream Mach number, 3.05; Reynolds number,
approximately 0.45x106; zero angle of attack.

Figure 5. - Comparison of two isentropic inlets wlth internal con-
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Diffuser total-pressure recovery, Hz/H,

Captured-mass-flow ratio, m3/m1

.8

1.0

.8

NACA RM ES54A07

Inlet operating condition )
O Meximum pressure recovery 4
O Critical mass-flow ratio
< Minimum stable mass~flow
retio .
™ o0 X
v./ R
] X ] g
- K:)
Shock at cowl 1ip, t Shock at cowl lip,
theoretical theoretical
24 25 26 24 . 25 26
Spike-tip position, 91, deg .
(a) cowl IV,. (b) Cowl IVy.
Figure 6. - Performance of two isentropic inlets with no internal ) _ ‘

contraction. Spike IVg; free-stream Mach number, 3.05; Reynolds
number, approximetely 0.45x106; zero angle of attack.
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Spike~-tip position, Tip
GZ,
deg

(o] 33.17 Smooth

a 32.67 Roughness 5

< 32.67 Roughress 12 inch

from tip
—_— Continuous
—_——— Discontinuous
Jao .6
B &
H ‘*3"---r-__,_ >~..~\
g N
.5
o
: \
[5) T \
& \
y A
L. |
5 NE
g o)
q .3
a
l‘ok —
"4 _LI \
é“ \0\ ~
éo ‘\t "“*g( =0
g A\
P .9
g \ \
5 R
—
s \
g \
g .8 \\
o D
5 \
B X
S &
.7
0 2 4 6 8 10 12

Angle of attack, o, deg

Figure 7. - Effect of angle of attack on peak pressure recovery of 44°
l~cone inlet. Spike I.; free-stream Mach number, 3.05; Reynolds number,

approximately 0.45x106]
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Diffuser total-pressure recovery, Hg/H,

Captured-mass-flow ratio, ms/m,
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Figure 8. - Effect of engle of attack on performance of two 40° to 70° 2-cone

inlets.
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Free-stream Mach number, 3.05; Reynolds number, epproximately
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Figure 9. - Effect of angle of attack on performance of two isentroplc inlets with in'gerna.l
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Diffuser total-pressure recovery, Hz/H,

Captured-mass-flow ratio, ms/mi
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Inlet operating condition
0 Maximum pressure recovery
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(a) Cowl IV,; spike-tip position, 24.91°. (b) Cowl IVy; spike-tip position, 25.07°.
Figure 10. - Effect of angle of attack on performance of two leentroplc inlets

with no internal contraction. Spike IVgy; free-stream Mach number, 3.05; Reynolds
number, approximately 0.45x108.
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Diffuser total-pressure recovery, HS/HO

Captured-mass-flow ratio, ms/mi
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Figure 11. - Effect of angle of attack on performance of 44° l-cone

inlet.

Free-stream Mach number, 3.13.
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Diffuser total-pressure recovery, Hy /HO
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Figure 11. - Concluded. Effect of angle of attack
on performance of 44° l-cone inlet. Free-stream
Mach number, 3.13 B ’ :
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Figure 12. - Effect of Reynolds number on performence of 40° to 70°

2-cone inlet. BSpike II,; spike-tip position, 28.829; free-stream
Mach number, 3.13.

YINGREREREE?



M NACA RM E54A07

Hy/H,

Diffuser total-pressure recovery,

-
(@)

©

s /g

Captured-mass-flow ratio,

[e2]

Tip Angle of attack,
@,
deg
O Smooth 0
O Roughness 0
V Smooth 4.9
/ i
—
—>
o— Y

[AM]

.6 1.0 1.4 1.8 2.2x10°
Reynolds number, Re :

Figure 13. - Effect of Reynolds number on performance of isen~

tropic.inlet with internal contraction. Splke IIIa; splke-tip
position, 24.83°; free-stream Mach number, 3,13.
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Figure 14. - Effect of Reynolds number on performance of isen-

tropic inlet with no internal contraction. Cowl IVg; spike
IVE_; free-stream Mach number, 3.13.
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Inlet operating condition
0 Meximum pressure recovery
o Critical mass-flow ratio
—————  Angle of attack, 4.9°
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(b) Angle of attack, 4.9%; spike-tip position, 24.91°.

Flgure 14. - Concluded. Effect of Reynolds number on performance
of isentropic inlet with no internal contraction. Cowl IVg;
spike IVa; free-stream Mach number, 3.13.
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(b) Spike v, (porous); spike-tip position, 24.33°,
Figure 15. - Effect of Reynolds number on performance of lsen-

troplec inlets with no internal contraction. Cowl IVy; free-
stream Mach number, 3.13; zeroc engle of attack.
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Bpike Spike-tip position,
€y,
deg
o) IIT, 24.83
O IITy 24.83
& IIL, 25.18
A III, No cowl
[
Q
o
g
d
,/: g
Throat for spike III
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/// Throat for

o

/ splke TIT
7

Straight

static pressure, ps/pO

Ratio of cone-surface to free-stream

[
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taper Isentropic " Reverse Subsonic diffuser

compression curvature

Straight taper

~
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£l X

Axial distance from spike tip, x, in.
{a) Pressure recovery, &pproximately 0.53.

Figure 16. - Static-pressure distribution elong centerbody of isen-

tropic inlet with internal contraction. Free-stream Mach number,
3.05; Reynolds number, approximetely 0.45x108; zero angle of attack.
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Axial distance from spike tip, x, in.

Figure 16. - Concluded.
of isentropic inlet with internal contraction.
pumber, 3.05; Reynolds number, approximately 0.4SXl065 zero angle

of attack.

(b) Pesk pressure recavery.

Static-pressure distribution along centerbody
Free-stream Mach
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Ratio of cone-surface to free-stream static pressure, Ps/PO
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Figure 17. - Static-pressure distribution along centerbody of isen-
tropic inlet with internal contraction at peak pressure recovery.
Spike IIT ; splike-tip position, 24.83°; free-stream Mach number, 3.13;
zero angle of attack.
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Ratio of cone-surface to free-stream static pressure, PS/PO
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Axial distance from eplke tip, x, in.

Spike-tip position,
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deg
(o] 24.60
(m} 24.91 N
o 25.22 . g %
A No cowl ///// o g
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Straight taper Isentropic Reverse
compression — curvature
Straight taper j
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(a) Supercritical pressure recovery.

Figure 18. - Static-pressure distribution along centerbody of

isentropic inlet with no internal contrasction. Cowl IV ;

splke IV,; free-stream Mech number, 3.05; Reynolds number,

approximately 0.45x108 ; zero angle of attack.
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Figure 18. - Concluded. Static-pressure distribution along centerbody
of isentropic inlet with no internal contraction. Cowl IV4; spike Ivg;
free-stresam Mach number, 3.05; Reynolds number, approximately 0.45x105;
zero angle of attack. :
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Figure 19. - Static-pressure distribution along centerbody of isentropilc
inlet with no internal contraction. Cowl IV,; splke IVa; spike-tip
position, 24.919; free-stream Mach number, 3.13; zero angle of attack.
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13

V]
w
0
o
(e) Spike Iy; ho cowl; free-stream {p) Spike Ic, ‘splke-tip position, -
Mach nm‘ber, 3.05; Reynolds num- 32.929; free-stresam Mach muwber,
ber, 0.45x10° 3.05; Reynolds number, 0.45x108;
diffuser total-pressure recovery,
0.547; captured-mass-flow ratio,
1.0,
(c) Spike Iy §plke-tip position, (&) Bpike I o Spike-tip position, '
30.98%; free-streasm Mach numbeg, 30.989; free-stream Mach number,
3.05; RQS‘I!.OIG.B nu.m'ber, 0.45%10°; 3, 13 Reynolds nlmfber, 0. 47)(106
diffuser total-pressure recovery, dii‘fuser total-preseure recovery,
0.465; captured-mass-flow retio, 0.440; captured-mass-flow ratio,
0.89. 0.88,
(e) Spike I, with tip roughness; (£) Spike I,; spike-tip positiom,
splke-tip position, 32.67°; free- 30.989; free-stream Mach number,
stream Mach number, 3.05; Reynolds 3.13; Reynolds number, 1.26x105; )
numher, 0.45x10%; diffuser total- diffuger total-pressure recovery, -
Dressure recovery, 0.498; captured- ~ 0.418; captured-mass-flow ratio,
mass-flow ratio, 0.99. 0.99. h
Figure 20. ~ Schlleren photographs of l-oome inlet at zero angle of attack with varioua 3

boundary~layer conditions along cone surface.
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(a) Angle of attack, 2.7°; spike- (b} Angle of attack, 60; spike-tip
tip position, 33.17°; diffuser position, 33.17°; diffuser total-
total-pressure recovery, 0.543; pressure recovery, 0.516; captured-

captured-mass-£low ratio, 1.00. mass-flow ratio, 0.99.

i R S j

(o) Angle of attack, 8%; spike-tip (d) Angle of attack, 10°; spike-tip
position, 33.17°; diffuser total- position, 33.17°; diffuser tobal-
pressure recovery, 0.453; ocaptured- ressure recovery, 0.347; ocaptured-

masgs-Llow ratlo, 0.94.

negs-flow ratlo, 0.76.

(e) Angle of attack, 8.3°%; splke-tip (f) Angle of attack, 10.3%; spike-tip

position, 32,67°; tip roughnsss; position, 32,87°%; tip roughneass; dif-
diffuser total-pressure recovery, fuser total-pressure recovery, 0.487;
0.510; captured-mass-flow ratioc, captured-mess-flow ratlo, 0.94.

0.95.

Figure 21. - Schlisren photographs of 1l-cone Inlet at angle of attack., Spike I,; free-stream
Mach number, 3.05; Reynolds mumber, O.45x106.
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(a) Spike II,; spike-tip position,
28.82°; free-gtream Mach number,
3.13; Reynolds mumber, 0.45x10%;
zero sngle of attack; diffuser
total-pressure recovexry, 0.389;
captured-mass~flow ratio, 0.94.

(b) Spike II,; spike-tip position,
28.82°%; free-stream Mach mmber,
3.13; Reynolds mmber, 2.13x105;
zero sngle of attack; diffuser

total-pressure recovery, 0.839;
captured-mass-flow ratio. 0.97.

(o) Spike IL,; spike-tip position,
29.23°%; free-stream Maoh number,
3.05; Reynolds number, 0.45x106;
angle of attack, 6.5%; diffuser

totael-pressure recovery, 0.596;
captured-mass-flow ratlo, 0.83.

(4) Spike IT, with tip roughness; spike-
tip position, 29.23°; freoe-stream Mach
number, 3.05; Reynolds number, 0.45x106;
angle of attack, 6.5C; diffuser total-
pressure recovery, 0.589; ocaptured-mass-
flow ratio, 0.94.

Figure 22, - Sohlieren photographs of 2-come inlet.

9362



47

NACA RM E54A07

0
o
o
a
= . - . .. ... - C-msll
- (=) Diffuser total-pressure recovery, (b) Tip roughness; diffuser total-
0.700; captured-mass-flow ratio, 0.96, pressure recovery, 0.706;
captured-mass-flow ratioc, 0.87.
- Figure 23. - Schlleren photographs of isentropic inlet with intermal contraction.
25,360; free-stream Mach number, 3.05; Reynolds

Splke ITIy; spike-tlp position,
number, O.45X106; zero angle of ettack.

]
!
v
1

C-34612

(b) Cowl IVy; diffuser total-

pressure recovery, 0.571;
captured-mass-flow ratic, 0.91.

(2) Cowl IVy; diffuser totel-pressure
recovery, 0.651; catpured-mass-flow
ratio, 0.81.

Figure 24. - Schlleren photographs of lsentropic inlets wlth no internal com~

traction at supercritioal flow comdifjjens. Splke IVa; gpike-tip position,
24.91% free-stream Mach mumber 3oty Moynolds number, 0.45x108.
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